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Abstract 

We report on the potential for the discovery of a Standard Model Higgs boson 
with the vector boson fusion mechanism in the mass range 115 < Mh < 
500 GeV with the ATLAS experiment at the LHC. Feasibility studies at hadron 
level followed by a fast detector simulation have been performed for H 

^ Z+r^^T, H ^ -f-f and H ^ ZZ ^ l+l~qq. The results 
obtained show a large discovery potential in the range 115 < Mh < 300 GeV. 
Results obtained with multivariate techniques are reported for a number of 
channels. 

1. Introduction 

In the Standard Model (SM) of electro-weak and strong interactions, there are four types of gauge vector 
bosons (gluon, photon, W and Z) and twelve types of fermions (six quarks and six leptons) (T||2l|3llll- 
These particles have been observed experimentally. The SM also predicts the existence of one scalar 
boson, the Higgs boson |5l|6lEl|8l|9in0l. The observation of the Higgs boson remains one of the major 
cornerstones of the SM. This is a primary focus of the ATLAS Collaboration flTll . 

The Higgs at the LHC is produced predominantly via gluon-gluon fusion (13. For Higgs masses, 
Mh, such that Mh > 100 GeV, the second dominant process is vector boson fusion (VBF) fT3lfT4ll . 

Early analyses performed at the parton level with the decays H W^*^W^*\ t^t~ and 77 via 
VBF indicated that this mechanism could produce strong discovery modes in the range of the Higgs mass 
llh < Mh < 200 GeV C5l[T6l[T7l[l8l. The ATLAS collaboration has performed feasibihty studies for 
these decay modes including more detailed detector description and the implementation of initial-state 
and final-state parton showers (IFSR), hadronization and multiple interactions 1191 . 

Here, we present an update of the potential of observing the Higgs boson via VBF with H 
W^*^W^*^ — > I'^l^'^T, where stands for missing transverse momentum carried by neutrinos, reported 
in fT9l . This analysis has been extended to larger Higgs masses. Also, we investigated the prospects of 
observing a SM Higgs boson with ^ 77 and H ZZ — > l~^l~qq. Results obtained with multivariate 
techniques are reported for a number of channels. Finally, the status of the overall SM Higgs discovery 
potential of the ATLAS detector is presented. 



2. Experimental Signatures 

The VBF mechanism displays a number of distinct features, which may be exploited experimentally 
to suppress SM backgrounds: Higgs decay products are accompanied by two energetic forward jets 
originating from incoming quarks and suppressed jet production in the central region is expected due 
to the lack of color flow between the initial state quai^ks. In this paper, tagging jets are defined as 
the highest and next highest transverse momentum, Pt, jets in the event. A number of variables were 
used in the VBF analyses reported in this paper: Pt of the leading and the sub-leading jets, Pj-j^ and 
PTj2' pseudorapidity, ?y, of the leading and sub-leading jets, 7]j-^ and r]j-^, with ^rjj^j^ = \rij^ — the 
difference of tagging jets' azimuthal angles, A(/>j^j2 ^^id tagging jets' invariant mass, Mj^j^. The tagging 
jets are required to be in opposite hemispheres (rjjjrjj^ < 0). 

In Sections l^andl^a number of variables are used: pseudorapidity and azimuthal angle difference 
between leptons, rjn and (pn, and di-lepton invariant mass, M/;. In Section |3 the following variables 
ai^e used: Pt of the leading and sub-leading 7's, Ptji and -PT72' pseudorapidity and azimuthal angle 
difference between 7's, ry-y-y and (f)^^, and di-7 invariant mass, M^^. 



2 



rriH 




(GeV) 


120 


130 


140 


150 


160 


170 


180 


a{qqH) 




(pb) 


4.29 


3.97 


3.69 


3.45 


3.19 


2.95 


2.80 


a ■ BR{H 




(fb) 


522 


1107 


1771 


2363 


2887 


2850 


2618 


a ■ BR{H 


-> 77) 


(fb) 


9.38 


8.89 


7.14 


4.76 


1.71 







Table 1: Total vector boson fusion production cross-sections, a{qqH), a ■ BR{H — > VF^*-* VF^*-*) and a ■ BR{H —> 
77) for a low mass Higgs. The cross-sections have been computed using the CTEQ5L structure function 
parametrization. 
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Table 2: Total vector boson fusion production cross-sections, a ■ BR{H WW) and a ■ BR(H — > ZZ) for a 
heavier Higgs. The cross-sections have been computed using the CTEQ5L structure function parametrization. 

The following decay chains have been considered in the analysis: H — > W^*'>W^*^ — > l'^l~f>T, 
H —>■ and H — > ZZ l^l~qq. A number of relevant experimental aspects have been addressed in 
detail in flnflOl and will not be touched upon in this work: triggering, lepton and photon identification, 
fake lepton and photon rejection, jet tagging, central jet veto and b-jet veto efficiencies.^ 

3. Signal 

The Born level cross-sections for the VBF process have been calculated using the PYTHIA package f20| 
|21 The results are given in Tables fT]|2l for different Higgs masses. The signal (and background) Born 
level cross-sections have been computed using the CTEQ5L structure function parametrization |23 1. The 
products of the signal cross-sections and the branching ratios of the Higgs boson into W^*^W^*\ 77, and 
ZZ, which have been calculated using the programme HDECAY 124-1 . are also included in Table 1 1121 

The impact of initial and final state QCD radiation, hadronization, multiple interactions and un- 
derlying event were simulated with PYTHIA6.1 1 20, 21,| . The signal and background simulation used 
the package ATLFAST [251 in order to simulate the response of the ATLAS detector. 

4. The H ^ l+l-^T Mode 

A study of this mode at hadron level followed by a fast simulation of the ATLAS detector was first 
performed in |26|. In this Section we report on a re-analysis over a broader mass range 115 < Mh < 
500 GeV. Additionally, the treatment of the main background process is improved in the present analysis. 

4.1 Background Generation 

4.11 ti Production Associated with Jets 

The production of ti associated with one jet, tij, was identified as the main background process for this 
mode ||T51IT^ . Early parton level analyses were based on tij Leading Order (LO) Matrix Element (ME) 
calculation. In order to assess hadronization and detector effects, it is necessary to interface the fixed 
order ME calculations with a parton shower in a consistent way. Here we use a Next-to-Leading-Order 

'The central jet and b-jet vetoes are applied if ajet (b-jet) with Pt > 20 GeV is found in the range I77I < 3.2 and \ri\ < 2.5, 
respectively. 

^The results from PYTHIA agree with the calculation provided by VV2H L22 I by better than 3 %. 
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Fig. 1: Fraction of events for which either the leading or the sub-leading jet is a b-jet as a function of the cut on Arij-^j^ before 
and after the application of a b-jet veto. 



description of the ti ME matched with parton shower provided within the MC@NLO package, which 
avoids double-counting and allows for a smooth matching between hard and soft/collinear emission re- 
gions |27 28 1. In MC@NLO hard emissions are treated as in NLO calculations while soft/collinear 
emissions are handled by the MC simulation (HERWIG6.5 in this case) with the MC logarithmic ac- 
curacy: the ti rates are known to NLO while the parton shower part preserves unitarity. Comparisons 
between MC@NLO and LO event generators PYTHIA6.2 |20 21 1 and HERWIG6.5 129,^ show that, 
within the MC@NLO approach, the low Pt region is dominated by the paiton shower prescription, while 
at higher Pt the NLO calculation dominates predicting a significantly higher Pt for the ti system. 

PYTHIA6.2 predicts a softer Pt distribution with strong differences in the high Pt region (Pt > 
100 GeV) with respect to the NLO prediction. It was also found that all three models give similar b-jet 
Pt distribution. 

The MC@NLO description of the second jet from the iijj process was tested against a LO tijj 
ME calculation using MadGraphll EB interfaced to HERWIG6.5 El. To reduce the double- 
counting in the HERWIG6.5 interface with MadGraphll, the parton shower cutoff was set to the Pt 
of the lowest Pt QCD parton in the ME calculation. The resulting Pt distribution comparison showed 
that MC@NLO predicts a sub-leading non-b jet which is in good agreement for Pt > 50 GeV with the 
MadGraphll tijj ME calculation. In conclusion, MC@NLO also provides a reasonable description of 
the sub-leading radiation. 

MC@NLO was used to define a tij control sample via an event selection similar to the one used 
in n31 ll6lll7[II8l . The dependence of various kinematic distributions on Ar/j^jj was evaluated. In a large 
fraction (~ 20%) of events with small values of Arjj-^^j^, both leading jets are b-jets. For Arjj^j^ > 3.5 
about 65% of the events have just one of the two leading jets being a b-jet (see Figure 0- This fraction 
is clearly dominated by tij where the extra jet is hard. The rest of the events were examined and about 
30% were found to have two leading jets that are non-b-jets. These events are dominated by tijj where 
the two radiated partons are hard. 

The results presented here show a small dependence of the jet topology on the b-jet veto. Only the 
third most energetic jet is affected but the reduction of the fraction of events for which the third jet is a b- 
jet is nearly constant as a function of the cut on Ar/j^jj. According to these results, it is possible to define 
a control sample in the early stages of data taking with ATLAS to study properties of the ti process (for 
instance, normalization, central jet veto, b-jet veto). One would like to use the part of the phase space 
which is dominated by tij and this is clearly the region for which the separation of the tagging jets is 
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Table 3: Cut flow for Mh ~ 160 GeV in the e — /i channel. Effective cross-sections are given in fb. The event selection 
presented in SectionU2|is used. MC@NLO was used to estimate the contribution from it production (see Section l4.11> 



'^Vjij2 ~ 3.5. For a < 10% systematic error in the normalization of the ttj background about 300 — 500 
pb^^ of integrated luminosity will be needed.^ 

4. 12 Other Background Processes 

Other background processes were considered Iil9l : 

• Electro-weak WWjj production; a quark scattering process mediated by a vector boson, where 
the W bosons are produced and decay leptonically. This process is the second-dominant back- 
ground for most masses. To model this process, we use a ME i35ll that has been interfaced to 
PYTHIA6.1 f3E]. 

• QCD WWjj production. For this process, we use the generator provided in PYTHIA6.1. 

• Electro-weak Zjj production. A Z boson is produced in a weak-boson-mediated quark-scattering 
process and decays into r's, which in turn decay leptonically. This process was modelled using a 
LO ME from the MadCUP project l37ll . 

• QCD Zjj production. For this process, we use a LO ME from the MadCUP project. As before, 
we consider events where Z —>■ t^t~, t —>■ Ivv. 

• QCD Zjj production with Z l^l^ and I = e, fi. This background can be reduced substantially 
by requiring a minimum missing Pt- However, it cannot be ignored because of its large cross- 
section. We model this process with the generator provided within PYTHIA6.1.^ 

4.2 Event Selection 

Our procedure for optimizing the cuts is as follows: Begin with a set of loose (pre-selection) cuts and 
choose cuts on Arjj^j,^, Arjn, A(f>ii, Mj-^j^, Mu, and the transverse mass, Mt,^ that optimize S/VB, 
where S and B are the expected number of signal and background events for 30 fb^^ of luminosity, 
respectively. We perform this optimization with a genetic algorithm l38ll . We perform this procedure for 
several masses and find a parametrization for the optimal cut as a function of the Higgs mass. 

The following event selection was chosen: 

a. Topology cuts. Require two charged leptons (e, fi) that pass the single or double charged lepton 
trigger in ATLAS. Here, a veto on b-jets is applied (see Sectionl^and 1 19 1). 

b. Forward jet tagging with P^ji , PTj2 > 20 GeV and Ar/™*" < Arjj^j^ according to 

''More details on this work are available in 1341 . 

''in the final version of this work this process will be treated with a LO ME provided within MadCUP. 
^The transverse mass is defined as in ll5lll6l[T7lll8l . 
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where a = 2861, b = —327, c = 9.6 x 10 ^, and d = —3.44. Leptons are required to be in 
between jets in pseudorapidity. 

c. Tau rejection Ii5l mini [Hill- 

d. Tagging jets invariant mass: 520 GeV < Mj-^^j^ < 3325 GeV 

e. Central jet veto (see Sectionl^and flM ). 

f. Lepton angular cuts: We require Arju < Ar)"^"-^ with 

Ar]^'' =a + bMH + cMjj, (2) 

where a = 6.25, b = -6.24 x lO^^, c = 1.99 x 10^^ for Mh < 200 GeV, and a = 3.88, 
b = -4.17 X 10'^, c = for > 200 GeV. It is required that A(/)[f™ < Acpu < A(/)]7'^^ with 

AC- = a + 6MH, (3) 

where a = -2.20, b = 7.54 x 10"^, and 

A(/.Jf = a + bMn + cM|r + dUfj , (4) 

where a = -4.07, b = 0.156559, c = -1.310956 x 10"^ and d = 3.42011 x 10"^. As one 
would expect, the minimum cut is only important at high Higgs masses, and the upper bound is 
only relevant at low Higgs masses. It is required that M^™*" < Mu < M]]^°-^ with 

= a{MH - bf + c, (5) 
where a = -2.82 x 10"^^ 5 = 454^ ^ = X29, and 

..max q(Mh - bf 

=d + {MH-by^'^ 

where o = 310, b = 114, c = 47.6, and d = 13290. In order to further reduce the contribution 
from Drell-Yan, we require 85 < Mu < 95 GeV and > 30 GeV, if leptons are of same flavor. 

g. Transverse mass cuts. We require that M™™ < My < M^"'^, with 

M^'"' = a + bMn, (7) 

where a = —17 and b = 0.73 and 

MP'''' = a + bMn + cMjj + dMfj , (8) 

where a = 106, b = -0.83, c = 9.46 x 10"^, and d = -9.49 x 10"^. We also require 



mTillvy) > 30 GeV, with mTiUyv) = sj2Pl^i)T{l - cos A0), where P!^ is the Pt of the di- 
lepton system and A(j) corresponds to the angle between the di-lepton vector and the vector in 
the transverse plane. 

4.3 Results and Discovery Potential 

Table |3] displays effective cross-sections for signal and background after application of successive cuts 
presented in Section IT2I Cross-sections are presented for Mh = 160 GeV in the e — channel. It is 
worth noting that the central jet veto survival probability for tt production is significantly lower than 
that reported in flOll . However, this is compensated by a lower rejection due to requiring two tagging 
jets (see cut b in the previous Section). As a result, the relative contribution to the background from 
tt production obtained here is similar to the one reported in 1 19|. Table |4] reports the expected Poisson 
significance for 10 fb^^ of integrated luminosity. Simple event counting is used and a 10% systematic 
error on the background determination was assumed. In order to incorporate the systematic errors we 
incorporated O^RH the formalism developed in Bill . The implementation of MC@NLO to simulate 
the ti background has not changed the conclusions drawn in fT9^l for the Mh considered there. The 
H — > VF^*^ VK^*^ l^l^f>T mode has a strong potential in a wide rage of Higgs masses. A significance 
of or greater than 5 a may be achieved with 30 fb^^ of integrated luminosity for 125 < Mh < 300 GeV. 
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0.6 
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Table 4: Expected Poisson significance for thie parameterized cuts listed in Section l4!2l with 10 fb ^ of integrated luminosity. 
A 10% systematic uncertainty is applied to all backgrounds when calculating the significance. 



5. The i7 ^ 77 Mode 

5.1 Generation of Background Processes 

The relevant background processes for this mode are subdivided into two major groups. Firstly, the pro- 
duction of two 7's associated with two jets (real photon production). Secondly, a sizeable contribution is 
expected from events in which at least one jet is misidentified as a photon (fake photon production). De- 
spite the impressive jet rejection rate after the application of 7 selection criteria expected to be achieved 
by the ATLAS detector [ 1 1 ] ( > 10'^ for each jet), the contribution from fake photons will not be negligi- 
ble due to the large cross-sections of QCD processes at the LHC. 

LO ME based MC's were used to simulate 77jj (both QCD and EW diagrams), jjjj and jjjj 
production. For this purpose MadGraphll l OTI l32l interfaced with PYTHIA6.2 was used f33\. The 
factorization and re-normalization scales were set to the Pt of the lowest Pt parton. 

After the application of a number of basic cuts at the generator level (see |42|) the QCD and EW 
'yjjj diagrams correspond to 6.32 nb and 1.21 pb, respectively. Assuming an effective jet rejection of 
the order of 10'^, the starting cross-section for the EW ^yjjj process would be about Ifb. This small 
cross-section will be severely reduced after the application of further selection cuts (see Section ls!2t . In 
the analysis EW 'yjjj and jjjj diagrams were neglected.^ 

5.2 Event Selection 

A number of pre-selection cuts are applied which are similar to those used in the multivariate analysis of 
VBF H Ty ^ l+l-^T 

a. Px'yi, ^¥72 > 25 GeV. The 7's are required to fall in the central region of the detector exclud- 
ing the interface between the barrel and end-cap calorimeters (1.37 < \rj\ < 1.52). The latter 
requirement reduces the acceptance by about 10%. 

b. Tagging jets with Pxj^ , PTj2 > 20 GeV and Ar/j^jj > 3.5. 

c. The 7's should be in between the tagging jets in pseudorapidity. 

d. Invariant mass of the tagging jets, Mj^jj > 100 GeV. 

e. Central jet veto 1 19 1 . 

f. Invariant mass window: Mh - 2 GeV < M^^ < Mh + 2 GeV. 

The final event selection is obtained by means of maximizing the Poisson significance for 30 fb^^ 
of integrated luminosity for Mh = 120 GeV. The maximization procedure is performed with the help 
of the MINUIT program 1441 . The following variables are chosen: Ptji^ ^Tj2' ^Vjii2' ^4'jij2' ^jij2^ 

Due to the implementation of parton shower and hadronization effects, the kinematics of the final 
state will be somewhat different from that of the parton level analysis performed in 145 J . After the 

^More details of MC generation for background processes are available in L42J . 
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Cut 


r IC-SCICCLIUII 




^^pLlllllZdLlUll 


a 


Pt',i,Pt^2 > 25 GeV 


PT7I > 50 GeV 
PT72 > 25 GeV 


PT71 > 57 GeV 
PT72 > 34 GeV 
Arjyy < 1.58, A(j!)^^ < 3 rad 


b 


PTn,PTj2 > 20 GeV 


Ptji > 40 GeV 
PTj2 > 20 GeV 


Prii > 40 GeV 
Pri2 > 29.5 GeV 






^Vnj2 > 4.4 


Ar/ji,2 > 3.9 


d 


Mj,j2 > 100 GeV 




Mj^j^ > 610 GeV 



Table 5: Values of the cuts applied for different event selections (see Section l?!2l . 



application of cut f in the pre-selection, the dominant background corresponds to QCD j^jj and the 
fake photon production, therefore, the optimization process will be mainly determined by the kinematics 
of these process together with that of the VBF signal. 

Initially, it has been verified that the inclusion of variables additional to those considered in f4ll 
improves the signal significance. The addition of the photon related variables Ar]jy and Ac/)^^ improves 
the signal significance by some 10 — 20% depending on the Higgs mass. The implementation of those 
two variables separately proves more efficient than the combined AR^^. The inclusion of the hadronic 
variable Acl)jj does not noticeably increase the signal significance. 

Table |5] shows the results of the optimization together with the values of the cuts placed at the 
pre-selection level and for the parton level analysis performed in |45|. Due to the significant increase 
in the background contribution compared to the parton level analysis, the optimized event selection is 
significantly tighter, resulting into reduced signal and background rates (see Section l53l . The increase 
of the background comes from the different choice of the width of the mass window, the implementation 
of parton showers for the estimation of the central jet veto probability and the inclusion of fake photon 
events. 

5.3 Results and Discovery Potential 

Here, we use the event selection obtained in the optimization procedure performed in Section ls!2l (see 
Table ISj. The expected signal and background cross-sections corrected for acceptance and efficiency 
corrections are shown in Table |6l for a mass window around Mh = 120 GeV after the application of 
successive cuts. 

The contribution from the fake photon background has been severely reduced thanks to the in- 
clusion of the photon angular variables. The contribution from this background, however, is important. 
The normalization of the fake photon background is subject to sizeable systematic uncertainties. This is 
partly due to the uncertainty on the determination of the fake photon rejection rate [111 . 

Figure 121 shows the expected signal and background effective cross-section (in fb) as a function of 
My^ for Mh = 130 GeV. The dashed line shows the total background contribution whereas the dotted 
line corresponds to the real 77 background. The solid line displays the expected contribution of signal 
plus background. In TableQ results are given in terms of S and B, for 30 fb^^ of integrated luminosity. 
The signal significance was calculated with a Poissonian calculation. The signal significance expected 
with this VBF mode alone reaches 2.2 a for 30 fb^^ of integrated luminosity. 

The QCD 77jj has been estimated with QCD 77jj ME based MC alone. The rate of additional 
(non tagging) jets has been estimated with the help of the parton shower. This approach yields a central 
jet veto survival probability significantly smaller than that calculated in |45|. Both effects go in the 
direction of overestimating of the 77jj background. Similar discussion applies to the estimation of 
the fake photon background performed here. This background estimation may be improved with the 
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Fig. 2: Expected signal and background effective cross-section (in fb) as a function of AI-j-, for Mh = 130 GeV. The dashed 
line shows the total background contribution whereas the dotted line corresponds to the real 77 background. The solid line 
displays the expected contribution of signal plus background. 
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2.25 


5.45 


246.90 
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0.73 


0.08 


31.83 


4.39 


28.30 


35.22 
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0.70 


0.07 


16.81 


4.20 


21.76 


30.06 
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0.57 


0.04 


7.43 


3.69 
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16.99 
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0.42 


0.02 


5.41 


2.50 


8.52 


8.49 
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0.38 


0.02 


0.28 


0.14 
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Table 6: Expected signal and background cross-sections (in fb) corrected for acceptance and efficiency corrections after the 
application of successive cuts (see Section l5!2l . Here Mh = 120 GeV. 



implementation of a more realistic MC for the simulation of the real photon background. This mode is 
considerably more sensitive to the understanding of fake photon rejection than the inclusive analysis 1 1 1 1. 

6. The H ^ ZZ ^ l+l-qq Mode 

6.1 Generation of Background Processes 

Cross-section for the QCD Z + 4j, Z l^l^ ,1 = e,fi process were calculated with two independent 
packages: ALPGEN 66) and MadGraphll ||3T]|32l. Both calculations include the Z/7* interference 
effects. The following cuts at the generator level were used for the cross-section calculation for the 
nominal event generation: 

• QCD parton's transverse momentum, Pt > 20 GeV, pseudorapidity, \r]\ < 5. Separation between 
QCD partons, AR > 0.5. 

• Minimal transverse momentum cuts on leptons, Pt > 3 GeV with \rj\ < 3. The angle separation 
between leptons and leptons and jets were set to AR > 0.2 

The Born level cross-section of QCD Z + Aj production is subject to large uncertainties. Some 
properties of jets in association with W and Z bosons have been studied and have been compared with 
QCD predictions at the Tevatron l47ll48l . The measured cross-sections of W/Z + n jets where n = 
1, 2, 3, 4 lie in between the LO predictions calculated using the re-normalization and factorization scales 
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110 


10.05 


30.69 


0.33 


1.56 


120 


12.06 


26.54 


0.45 


2.02 


130 


12.52 


23.97 


0.52 


2.19 


140 


10.91 


22.90 


0.48 


1.94 


150 


7.69 


20.15 


0.38 


1.42 


160 


2.89 


17.21 


0.17 


0.44 



Table 7: Expected number of signal and background events, S/B and the corresponding signal significance for 30 fb ^ of 
integrated luminosity (see Section l53l . 



equal to the average transverse momentum of the partons, {Pt), and the transverse energy of the weak 
boson, E}^^ , respectively. The LO prediction calculated with the first choice of scale systematically 
undershoots the measured cross-section. At the LHC {Pt) > 100 GeV, due to the large phase space. 
Thus, the scale was set to the mass of the weak boson. 

After the application of the cuts at the generator level and the choice of scales mentioned above 
both ALPGEN and MadGraphll yield 47.5 pb. 8.5 million un-weighted events were generated with 
MadGraphll. The output from MadGraphll was interfaced to the HERWIG6.5 package 1331 . In order to 
avoid severe double counting in the generation of hadronic jets, the scale of the parton shower evolution 
was set to the Pt of the lowest transverse momentum parton in the event. 

The cross-section for Z + 4j, Z , I = e, ji production with one EW boson in the internal 

lines was evaluated with MadGraphll. These diagrams include QCD ZZjj and ZW^jj. A cross-section 
of 1.6pb was obtained after cuts at generator level and by applying the same choice of scales as for the 
QCD Z + Aj case. The impact of these diagrams is small, hence, they were not included in the final 
results reported in Section l631 Diagrams with two EW bosons in the internal lines were not considered, 
as they are expected to be negligible. 

A sample of events for tt production was used. These events were generated with the MC@NLO 
package (see Section ITTT i. 

6.2 Event Selection 

The event selection presented in this Section is obtained by maximizing the signal significance for a 
Higgs for Mh = 300 GeV with 30 fb^^ of integrated luminosity. 

A number of basic features common to VBF modes remain. A feature specific to the mode under 
study is the additional ambiguity in the definition of tagging jets introduced by the presence of relatively 
hard jets produced from the decay of the Z's. A search for two jets with an invariant mass close to 
Z mass, Mz, is performed. After reconstructing the Z decaying hadronicaly, the event looks like a 
"typical" VBF candidate. 

The following event selection was chosen: 

a. Two isolated, oppositely charged, of equal flavor leptons in the central detector region, |?7| < 2.5. 

b. The event is required to pass the single or double lepton trigger in ATLAS. 

c. Two hadronic jets 0'3,j4) with transverse momentum, Pt > 30 GeV with Mj^j^ close to Mz 
were required in the fiducial region of the calorimeter, \r]\ < 4.9. The relative invariant mass 
resolution of two jets is expected to be approximately 10 %. The following mass window was 
chosen: 75 < Mj^j_^ < 101 GeV. These jest were "masked out" from the list of jets. 

d. Tagging jets with Ptj-, > 40 GeV, Ptj^ > 30 GeV and Arjj-^j^ > 4.4. 

e. Both leptons were required to lie in between the tagging jets in pseudorapidity. 
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Fig. 3: Invariant mass of the Higgs candidates after the apphcation of kinematic fits. The solid lines correspond to the sum of 
the signal (VBF H —* ZZ — + qq) and the main background (QCD Z + Aj, Z — > ,1 = e, fi). The dashed lines show 
the contribution of the main background alone. Here Mh = 190, 200, 250, 300 GeV. 



f. Leptonic cuts. It was required that AIz — 10 < Mu < Mz + 10 GeV. This cut is expected 
to suppress di-lepton final states with W~^W~ —>■ llvv. It is particularly important to suppress 
the contribution from ti production associated with jets. No b-tagging rejection algorithms were 
applied in this analysis due to the large branching ratio of Z decaying into heavy quarks. 

g. The invariant mass of the tagging jets was required to be greater than 900 GeV. 

h. Central jet veto. Extra jets with Pt > 20 GeV are looked for in the central region of the detector 

< 3.2). However, high Pt quarks from the decay of one of the Z's are expected to radiate 
hard gluons with a high probability, thus, faking hadronic jets produced prior to the decay. If AR 
between the extra jet and the jets of the Higgs candidate is larger than one unit, the event is vetoed. 

i. In order to further reduce the contribution from events with W^W~ llvv, it is required that 
i)T < 30 GeV. 

The Miij^j^ spectrum could be distorted due to the ambiguity in defining tagging jets. The distor- 
tion of the Miij.^j^ spectrum, however, is not sizeable. Figure|3ldisplays the Miij.^j^ spectra for signal and 
background after the application of the event selection presented in this Section. A Higgs mass resolution 
of approximately 2.5% is obtained for 2Mz < Mh < 300 GeV l49l . 

6.3 Results and Discovery Potential 

Table [8l shows the expected signal effective cross-sections (in fb) for a Higgs mass of Mh = 300 GeV. 
Table IH also displays the effective cross-sections for the major background processes. Cross-sections 
are given after successive cuts (see Section I6.2t . The background is largely dominated by the QCD 
Z + 4j, Z — > I = e, ^ production. Diagrams with one or two EW boson in the internal lines were 
neglected. The contribution from ti is small and it is also neglected in the final results. 

Table 15] reports results in terms of S, B, S/B and signal significance, a^, with 30 fb^^ of inte- 
grated luminosity for different values of Mh- The effective signal and background cross-sections are 
evaluated in a 4cJAf (where (Tm is the mass resolution) wide mass window. The signal significance was 
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Process 


a 


b 


c 


d 


e 


f 


g 


h 


i 


VBF (Mh = 300 GeV) 


31.69 


31.50 


12.63 


3.39 


3.26 


2.93 


2.24 


1.72 


1.66 


QCD Z + 4j 


25930 


25902 


10345 


277 


205 


205 


116 


36.6 


34.6 


ti 


14793 


14268 


4233 


135 


106 


10.5 


6.4 


2.3 


0.3 



Table 8: Expected effective cross-sections (in fb) for H ZZ llqq produced via VBF (A^h = 300 GeV) and tfie main 
background processes. Cross-sections are given after successive cuts presented in Section l6^ 



Mh (GeY) 


S 


B 


S/B 




190 


18.9 


31.2 


0.61 


3.47 


200 


27.3 


52.8 


0.52 


3.76 


300 


39.3 


116.1 


0.34 


3.75 


500 


20.1 


124.2 


0.16 


1.98 



Table 9: Expected number of signal and background events, ratio of signal to background and signal significance (in a) for a 
SM Higgs produced via VBF using the decay mode H ZZ — » I'^l" qq with 30 fb^^ of integrated luminosity for different 
values of Mh- The effective signal and background cross-sections are evaluated in a 4 cta/ (where crjv/ is the mass resolution) 
wide mass window. The signal significance, ctl, was calculated with a likelihood ratio technique using the invariant mass of 
the Higgs candidate as a discriminant variable. 

calculated with a likelihood ratio technique using the invariant mass of the Higgs candidate as a discrimi- 
nant variable |39 40|. A signal significance of 3.75 a may be achieved for Mh = 300 GeV with 30 fb^^ 
of integrated luminosity. It should be noted that the cross-sections for the main background reported here 
are subject to large theoretical uncertainty. Fortunately, the background may be determined from side 
bands for Higgs searches with Mh > 200 GeV. 

7. Multivariate Analysis 

Results reported in fT9\ and the present paper were based on classical cut analyses. Multivariate tech- 
niques have been extensively used in physics analyses, for instance, in LEP experiments. Neural Net- 
works (NN) are the most commonly used tools in multivariate analyses. NN training has been performed 
on the H W^*^W^*^ l+l f43l and i7 ^ r+r" l+l-i)T 1 50] modes. NN training was 
performed with a relatively small number of variables. It was required that these variables are infra- 
red safe and their correlations do not depend strongly on detector effects: Arjj-^j^, Mj^j^, Arju, 
A(j)ii, Mil, and Mt (or the invariant mass of the r+r^ system in the case of the H —>■ t'^t' —>■ I^I^-^t 
mode). The signal significance was calculated with a likelihood ratio technique using the NN output as 
a discriminant variable. An enhancement of approximately 30 — 50 % of the signal significance with 
respect to the classical cut analysis was obtained for both modes under consideration. 

8. Conclusions 

The discovery potential for the SM Higgs boson produced with VBF in the range 115 < Mh < 500 GeV 
has been reported. An updated study at hadron level followed by a fast detector simulation of the H — > 
W^*^W'^*'> l^l^^T mode has been presented: the main background, tt associated with jets, has 
been modelled with the MC@NLO program and the Higgs mass range has been extended to 500 GeV. 
This mode has a strong potential: a signal significance of more than 5 a may be achieved with 30fb~^ 
of integrated luminosity for 125 < Mh < 300 GeV. The discovery potential of the if ^ 77 and 
H — > ZZ l^l^qq modes have also been reported with analyses at hadron level followed by a fast 
detector simulation. 
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Fig. 4: Expected significance for ATLAS as a function of Higgs mass for 10 fb ^ of integrated luminosity. 



The discovery potential of the modes presented in this work was combined with results reported 
in past studies performed for the ATLAS detector. Results from recent studies ISTI l52l l53l . which 
were not used in |19|, were added here. Likelihood ratio techniques have been used to perform the 
combination |39, 40|. In order to incorporate systematic errors, the formalism developed in |41| was 
implemented. A 10 % systematic error on the background estimation has been assumed for modes related 
to VBF {191 . Figure |4] displays the overall discovery potential of the ATLAS detector with 10 fb^^ 
of integrated luminosity. Results from NN based analyses and discriminating variables have not been 
included in the combination. The present study confirms the results reported in lfT5lfT6l[T7lfT8l[T9 l. that 
the VBF mechanism yields a strong discovery potential at the LHC in a wide range of the Higgs boson 
mass. 
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